Defining the mechanisms governing myogenesis has advanced in recent years. Skeletal-muscle differentiation is a multi-step process controlled spatially and temporally by various factors at the transcription level. To explore those factors involved in myogenesis, stable isotope labeling with amino acids in cell culture (SILAC), coupled with high-accuracy mass spectrometry (LTQ-Orbitrap), was applied successfully. Rat L6 cell line is an excellent model system for studying muscle myogenesis in vitro. When mononucleate L6 myoblast cells reach confluence in culture plate, they could transform into multinucleate myotubes by serum starvation. By comparing protein expression of L6 myoblasts and terminally differentiated multinucleated myotubes, 1170 proteins were quantified and 379 proteins changed significantly in fully differentiated myotubes in contrast to myoblasts. These differentially expressed proteins are mainly involved in inter-or intracellular signaling, protein synthesis and degradation, protein folding, cell adhesion and extracelluar matrix, cell structure and motility, metabolism, substance transportation, etc. These findings were supported by many previous studies on myogenic differentiation, of which many up-regulated proteins were found to be involved in promoting skeletal muscle differentiation for the first time in our study. In summary, our results provide new clues for understanding the mechanism of myogenesis.
Introduction
Skeletal-muscle differentiation is a complicated process coordinated by several transcription factors [1, 2] . Under the control of those transcription factors, proliferating myoblasts withdraw from the cell cycle, and then elongate, adhere, and fuse into multinucleated myotubes. Finally, matured myotubes convert into myofibers, which are capable of muscle contraction. A number of muscle differentiation factors have been discovered such as the myogenic regulatory factors (MRF) and the myocyte enhancer-binding factors (MEF). The expression of these transcription factors, such as MyoD, myogenin, Myf5 and Mef2, is controlled positively by the P38/MAPK, Wnt and Sonic hedgehog (Shh) pathways, and are inhibited by BMP and the Notch/Delta pathway in muscle precursors [1, 3] . When the positive regulation factors are dominant, the transcriptions of muscle-specific genes are activated and the differentiation process is initiated. Although the main factors orchestrating skeletal-muscle differentiation are well defined, little is known about how these growth factors and signal pathways act on myogenic differentiation synergistically [1] [2] [3] . When myoblasts proliferate to skeletal cells, many characteristics, from the morphological to the conformational, change significantly. It is reasonable to speculate that many additional cellular components are involved in myogenesis. Accumulating evidences suggest that myogenesis was regulated spatio-temporally by many cellular components; therefore, identifying additional components underlying networks that promote skeletal-muscle differentiation could lead to new insights into the process of myogenesis.
Quantitative proteomics allows measurement of differential protein expression [4, 5] . Tannu et al. [6] examined total cellular proteins, membrane-, and nuclear-enriched proteins using 2-DE between proliferating mouse myoblasts of C2C12 cells and fully differentiated myotubes. The proteins they identified are mainly involved in cell signaling, cell cycle and cell shape in differentiating C2C12 cells. Gonnet and colleagues [7] identified 105 proteins with expressional variance in differentiating human myoblasts at different myogenic period by 2D dialysis-assisted gel electrophoresis (DAGE). They found that some unique proteins might participate in human muscle differentiation. Kislinger et al. [8] used a gel-free shotgun proteomics method together with label-free quantitative proteomics to profile expression changes in crude nuclei during differentiation stages. Hierarchical clustering of the resulting protein profiles and gene expression found that several types of proteins might be involved in myogenic process, such as integrin, septin. Overall, these studies have presented more information in principle about the characterization of skeletal muscle differentiation by proteomics methods, but hard work on myogenesis still needs to be done because of the very complex myogenic process. Moreover, there are many divergences amongst the previous studies based on molecular methods or proteomics methods. To further discover additional information about the differentiation process, we sought to use stable isotope labeling methods together with shotgun proteomics to quantitate protein expression. Stable isotope labeling with amino acids in cell culture (SILAC) has been combined with highly sensitive MS/MS to create a simple, straightforward, and efficient approach for large-scale protein quantification [5, 9, 10] . SILAC relies on metabolic incorporation of a ''light'' or ''heavy'' isotopic form of the amino acid into cellular proteins [9] . SILAC have been applied in various biological fields to detect the biological changes of protein abundance, protein modification states, and protein-protein interactions [10] . Ong and colleagues [9] used the myogenic differentiation of C2C12 cells as a model to establish and confirm the SILAC method, but they did not present the myogenesis-related proteins in details. In this study, we employed SILAC method with 2D-LC and LTQOrbitrap Hybrid Mass Spectrometer to determine protein expression differences between rat L6 myoblasts and myotubes for the first time.
Materials and methods

Materials
Analytical grade chemicals were obtained from Sigma (St. Louis, MO). Milli-Q water was used unless otherwise mentioned. Normal high glucose DMEM media, FBS, glutamine, sodium pyruvate, PBS, penicillin and streptomycin were purchased from Invitrogen (Carlsbad, CA). DMEM deficient in arginine was purchased from JRH Biosciences (Lenexa, KA). Dialyzed FBS was purchased from Biological Industries (Kibbutz Beit Haemek, Israel). Both light 12 C 6 14 N 4 L-arginine and heavy 13 C 6 15 N 4 L-arginine were obtained from Spectra Stable Isotopes (Columbia, KS). Protease inhibitor cocktail tablets were obtained from Roche (Basel, Switzerland). Sequence grade trypsin was purchased from Promega (Madison, WI). HPLC-grade ACN, methanol, and formic acid were obtained from J. T. Baker (Phillipsburg, PA). Primary antibodies to tubulin-b, MyoD, desmin, 14-3-3g, prohibitin-2, and HRP-conjugated secondary antibodies were purchased from Abcam (Cambridge, UK). HRP-conjugated primary antibody to GADPH was purchased from Kangcheng (Shanghai, China). SuperSignal ® west Femto trial kit was obtained from Pierce (Rockford, IL).
Cell culture and isotopic metabolic labeling
Rat L6 myoblasts were maintained in DMEM with 4 mM Lglutamine, 4.5 g/L glucose, 50 UI/mL Penicillin and 50 mg/ mL streptomycin, additionally supplemented with 10% v/v FBS (growth medium, GM). Once myoblasts reached confluence, differentiation was induced by lowering the serum concentration to 2% (differentiation medium, DM). For Western blot, L6 myoblasts in common media were subcultured into six 100-mm culture plates. After differentiation was induced, media were changed every 48h. At days 0, 1, 2, 3, 4, and 8, one plate of cells was washed by cold PBS separately and kept at 2807C for protein extraction later. For isotopic metabolic labeling, newly subcultured L6 cells were transferred into DMEM supplemented with 8% dialyzed FBS plus 2% normal FBS and light 12 C 6 14 N 4 L-arginine or heavy 13 C 6 15 N 4 L-arginine instead of common GM. L6 myoblasts in light media were induced into myotubes. L6 myoblasts were subcultured in heavy 13 C 6 15 N 4 L-arginine for at least seven population doublings. Light myotubes and heavy myoblasts were washed three times with ice-cold PBS separately for protein extraction.
Protein extraction
The process of protein extraction for either MS analysis or Western blot is same. The following steps were carried out at 47C. Cells were scraped into 8 M urea with protease inhibitor cocktail tablet (Roche, Basel, Switzerland) and sonicated for cells lysis separately. After centrifugation for 30 min at 20 0006g in a bench-top centrifuge (Thermo Fisher Scientific, Waltham, MA), the supernatants were collected and kept at 2807C for analysis. Protein concentrations were measured using the Bradford method.
In-solution digestion
Extracted protein samples from heavy myoblasts and light myotubes were combined at a 1:1 ratio. In-solution digestion was performed with the following protocol. Briefly, 100 mg of protein mixture was dissolved in 8 M urea and 25 mM NH 4 HCO 3 , reduced with 10 mM DTT for 1 h, alkylated by 40 mM iodoacetamide in the dark for 45 min at room temperature, and then 40 mM DTT was added to quench the iodoacetamide for 30 min at room temperature. After diluting 8 M urea with 25 mM NH 4 HCO 3 to 1.6 M, sequencegrade trypsin was added at a ratio of 1:30 and digested at 377C for overnight. Tryptic digestion was stopped by adding formic acid to a 1% final concentration.
2D-LC-MS/MS analysis
Digests were centrifuged at 16 0006g for 10 min prior to analysis. The supernatant was analyzed by 2D-LC on an LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA) following the method below [11] . For single analyses, 100 mg of peptide mixtures was pressure-loaded onto a 2-D silica capillary column packed with 3 cm of C18 resin (Synergi 4 mm Hydro-RP 80A, Phenomenex, CA) and 3 cm of strong cation exchange resin (Luna 5 mm, SCX 100A, Phenomenex). The buffer solutions used were 5% ACN/ 0.1% formic acid (buffer A), 80% ACN/0.1% formic acid (buffer B), and 500 mM ammonium acetate/5% ACN/0.1% formic acid (buffer C). The 2-D column was first desalted with buffer A and then eluted using a ten-step salt gradient ranging from 0 to 500 mM ammonium acetate. The effluent of the two-phase column in each case was directed onto a 10-cm C18 analytical column (100-mm id) with a 3-5 mm spray tip. Step 1 consisted of a 100-min gradient from 0-100% buffer B. Steps 2-9 had the following profile: 3 min of 100% buffer A, 3 min of X% buffer C, a 10-min gradient from 0-15% buffer B, and a 97-min gradient from 15-55% buffer B. The 3-min buffer C percentages (X) were 5, 10, 15, 20, 30, 40, 55 , and 75%, respectively, for the 8-step analysis. The final step, the gradient contained: 3 min of 100% buffer A, 20 min of 100% buffer C, a 10-min gradient from 0-15% buffer B, and a 107-min gradient from 15-70% buffer B. Nano-ESI was accomplished with a spray voltage of 2.5 kV and a heated capillary temperature of 2307C. A cycle of one full-scan mass spectrum (400-2000 m/z) followed by six data-dependent MS/MS spectra was repeated continuously throughout each salt step of the multidimensional separation. All MS/MS spectra were collected using normalized collision energy (a setting of 35%), an isolation window of 3 m/z, and 1 micro-scan. Application of mass spectrometer scan functions and HPLC solvent gradients were controlled by the XCalibur data system (Thermo Fisher).
Data analysis and bioinformatics
MS and MS/MS spectra were extracted from the XCalibur data system format (.RAW) into MS1 and MS2 formats by RAW_Xtractor [12] . The target database was the EBI-IPI rat database; sequences for common contaminants such as keratins, IgG, protease autolysis products are added to the database; the whole database (target 1 contaminants) was then reversed and attached. The MS/MS spectra were interpreted by SEQUEST using an EBI-IPI rat database (Version 3.17, 2006) . Results were filtered, sorted, and displayed using the DTASelect2 program [13] . Only peptides with !95% confidence score and a DCn score of !0.1 were considered. In addition, a minimum sequence length of seven-amino acid residues was required. The false positive rate for protein identification was kept below 1%. Quantitative ratios were determined by the software Census version 0.9 [14] . The annotations of proteins were obtained from Swiss-Prot and TrEMBL protein database. For proteins without descriptions, annotations was done by searching the IPI, Swiss-Prot and TrEMBL protein database with BlastP for homologous proteins with descriptions. The PANTHER classification system was used for protein sorting (www.pantherdb.org) with slight modification where a few protein groups with similar annotation were combined. The STRING (http://string.embl.de/), a protein interaction prediction system, was used to retrieve protein associations.
Western blotting
L6 cells were washed three times with cold PBS and protein was extracted as described above. Equivalent amounts of protein (10 mg/lane) were separated by SDS-PAGE and electroblotted onto 0.45-mm HybondTM-P PVDF membranes (GE healthcare, Piscataway, NJ) by the semi-dry method. Binding of nonspecific proteins to membranes was blocked by incubating these membranes in blocking buffer consisting of 5% non-fat milk in TBS plus 0.05% Tween 20 (TBST) for 1 h at 257C. Membranes were then incubated at 47C overnight with primary antibodies diluted in blocking buffer. Membranes were washed three times with TBST, incubated with HRP-conjugated secondary antibodies for 1 h, and then washed three times again with TBST. Finally, immunoreactive proteins on the membranes were detected by SuperSignal ® west Femto trial kit and exposed to X-ray film. West-ern blots were scanned and gray scales were quantified by ImageQuant TL (GE healthcare). L6 cells cultured for Western blotting were harvested three times. Western blotting for every selected protein was repeated three times for every batch of total protein extract.
Result and discussion
Morphological conversion of L6 cells
Rat L6 cell is an excellent model system for developmental biology associated with cell proliferation, signal transduction and cell fate determination. Normally, L6 myoblast cells were cultured in DMEM media supplemented with 10% FBS. In our experiments, with FBS decreasing from 10 to 2% in DMEM media, mononucleate L6 myoblasts in good conditions fused and transformed into multinucleate myotubes very quickly. One day later after serum deprivation, myocytes are scattered in the cell culture plate. In spite of that, the shapes of L6 cells were distinct from myoblasts. After 2 days, about 35% area of culture plate was occupied by myocytes. After 3 days, more than 85% of cells have fused into elongated myotubes. At the end of day 4, giant elongated multinucleate myotubes have outspread apparently everywhere on the culture plate. As shown in Fig. 1 , the morphology of cells from myoblasts to myotubes has changed significantly. Accompanied with the morphological conversion of myoblast into myotubes, some muscle-specific proteins were expressed at high level in myotubes comparing with myoblasts. We examined muscle-differentiation marker proteins desmin and MyoD by Western blot (Fig. 2A) . As the Fig. 2A showed, the expressional levels of these marker proteins were increased gradually during myogenic process but decreased in D8 myotubes. In addition, our SILAC results show that some other muscle-differentiation markers, such as myosin heavy chain (MHC), skeletal muscle actin alpha, and myosin heavy polypeptide 2, also were up-regulated during myogenic process. In conclusion, L6 myoblasts had well differentiated into myotubes.
Protein identification and quantification
The morphological conversion of L6 cells from myoblasts to myotubes is presumed to be driven by proteins that follow tissue-and cell-specific expression. The goal of this work was to find expression differences between rat L6 myoblasts and myotubes. The tryptic peptides were analyzed by 2D-LC-LTQOrbitrap MS system [11] . For protein identification, a decoy database was used and the false positive rate for protein identification was kept below 1% in this study. After filtering with stringent parameters, 12 729 peptides and 2767 proteins were identified from all experiments (see Supporting Information Table 1 ). Among these proteins, 1170 were quantified with high confidence (see Supporting Informa- tion Tables 1 and 2 ); 780 proteins (about 67%) were quantified with two or more peptides (see Supporting Information Fig. 1 ). Among the quantified proteins, 342 proteins were up-regulated (!1.5-fold changes, see Table 1 ) and 37 proteins were down-regulated ( 0.5-fold changes) in fully differentiated myotubes (see Table 2 ). The remaining proteins were considered as no significant changes (see Supporting Information Table 1 ). Our results show that the expression of many conserved proteins, such as tubulin b chain, tubulin b 2, tubulin b 5 and actin b (actin, cytoplasmic 1), remained stable, suggesting the accuracy of the quantitative results in our experiment to some extent. To further validate the accuracy of the quantitative results by different methods, several proteins with different SILAC quantitative ratio were quantified again by Western blotting. Figure 3 shows that the results of Western blotting for tubulin-b, 14-3-3g, prohibitin-2 and GADPH are strongly consistent with the quantitative results determined by MS.
The comparative profiling of protein expression
Many of the differentially expressed proteins observed in this study have been reported to be involved in myogenic regulation, and some were newly discovered in this study.
Proteins increased in expression (ratio !1.5) were sorted by the PANTHER classification system ( Fig. 3 and Table 1 ). These proteins are mainly involved in inter-or intracellular signaling, protein synthesis and protein degradation, protein folding, cell adhesion and extracellular matrix, cell structure and motility, metabolism, substance transportation, etc. These patterns of up-regulation were consistent with the functional and structural characteristics of skeletal muscle cells. To explore functional modules of the proteins we quantified, protein interaction network was predicted by STRING (see Supporting Information Fig. 2 ).
Mediators of signaling pathway
Myogenic differentiation is regulated by positive and negative signals from surroundings. After switching the cells from nutrient-rich media to nutrient-poor medium by lowering FBS content from 10 to 2%, L6 myoblasts are able to sense the physical and chemical signals of lowered FBS through specific membrane receptors [2] . Once L6 myoblasts sense these signals, a series of intracellular events will be triggered. The result of these events is the increased expression of MyoD and myogenin. MyoD and myogenin initiate multiple muscle differentiation-specific genes transcription for myogenic process [1, 2] . Although the role of mitogenactivated protein kinase (MAPK) signaling cascades in myogenesis is controversial, accumulating studies have shown that MAPK is activated during the differentiation of myogenic cell lines and is essential for the expression of musclespecific genes [15, 16] . Activation of MAPK signaling cascades in myoblasts can modulate the activity of MyoD establishing dynamic modulation of the MyoD-induced programs of gene expression [3] . We observed that terminally differentiated myotubes increase the expression of some MAPKpathway associated proteins, for example, Map4k4, MAPKK 1, etc. However, the amount of most MAPK remains stable, because they are modified as functional executors at different stages of differentiation [17] . A kinase anchor protein 2, exhibiting binding protein kinase A and being involved in actin filament organization, protein localization and the transmembrane receptor protein serine/threonine kinase signaling pathway, was also found up-regulated. Interestingly, prohibitin (PHB), a ubiquitously expressed and evolutionarily highly conserved protein, was found up-regulated once myoblasts initiated differentiation. This result is supported by Western blot data (Fig. 2b) and the results of Tannu [6] . PHB has been found to be presented in the nucleus, the mitochondria and the plasma membrane. Gamble et al. [18, 19] reported that PHB participated in the activation of the Raf-MEK-ERK pathway. Sun and colleagues [20] reported that PHB-2 could repress muscle differentiation by inhibiting MyoD and MEF2 in C2C12 cells. From these clues, prohibitin may belong to MAPK cascade and play important role in muscle differentiation. Besides MAPK-related factors, we also found some other signaling molecules that were upregulated in muscle cells, such as inositol 1, 4, 5-triphosphate receptor 3 (IP3R-3), latent transforming growth factor beta-binding protein 1 (LTBP-1), phosphatidylethanolaminebinding protein, SH2-containing inositol phosphatase 2 (SHIP2), and guanine nucleotide-binding protein G (i), alpha-2, etc. IP3R-3, in connection with acetylcholine signaling, adrenergic signaling, endothelin signaling, PDGF signaling, chemokine and cytokine signaling and Wnt signaling etc. is the receptor for inositol 1,4,5-trisphosphate mediating the release of intracellular calcium. The alteration of IP3R-3 abundance in muscle may be to match the excitation-contraction coupling of muscle cell. LTBP-1 targets latent complexes of transforming growth factor beta to the extracellular matrix. It interacts with architectural extracellular matrix macromolecules-fibrillins that form ubiquitous extracellular microfibril suprastructures in the connective tissue space. But, it is unknown whether LTBP-1 participates in myogenic initiation and myoblast fusion [21, 22] . In addition, we found one non-muscle differentiation-promoting protein, transcriptional activator protein Pur beta, was up-regulated by 3.76-fold in myotubes. This protein is known to regulate myeloid cell differentiation. It remains unclear how this protein functions in myogenic differentiation. In our study, many myogenesis-control factors, such as MyoD and myogenin, were not observed, probably because of very low abundance in the cells.
Protein synthesis-and degradation-related proteins
Synthesis of muscle-specific proteins increases significantly during the myogenic process. Many proteins associated with proteins synthesis were found up-regulated in this study, including many amino acid-tRNA synthetases, eukaryotic translation elongation factors, eukaryotic translation initiation factors and ribosomal proteins. These types of proteins also have been reported in previous studies [6] [7] [8] [9] . As protein synthesis and degradation is a finely coordinate process [23] some protein-degradation related proteins were observed upregulated here. It is well known that the protein degradation system serves as a quality-control system for abnormal proteins to maintain cellular homeostasis [24] . Yet, as early as 1997, Gardrat [25] hypothesized that ubiquitin-proteasome pathway was involved in muscle-cell differentiation. In 2005, Schwartz group [26] discovered that both MyoD and inhibitor of DNA binding 1(Id1) are rapidly degraded by the ubiquitinproteasome pathway during the differentiation of myoblast to myotube in mouse C2C12 myoblast cells, but the reduction of Id1 is more than MyoD markedly. Rapid reduction of Id1 can release repression on MyoD, and then MyoD will trigger muscle-specific gene transcription. This shows that ubiquitin-proteasome pathway is essential to initiation of mygenic differentiation by controlling muscle differentiation-specific gene expression [26] . Proteasomes, performing ATP-dependent proteolysis, are large protein complexes formed by many subunits. In this study, we found that many proteasomal proteins, such as PSMA1, PSMA2, PSMA3, PSMA4, PSMA5, PSMB1, PSMB2, PSMD2, PSMD3, the 26S protease regulatory subunit 7 and 26S protease regulatory subunit 4, were up-regulated during myogenic process. From the STRING network view, it can be seen directly that these proteins have the strong interactions (Supporting Information Fig. 2) . Obviously, the changes of proteolytic system we found support the theory of myogenesis addressed by preceding publications [25, 26] .
Molecular chaperone
Molecular chaperones are a group of proteins whose roles are to assist newly translated proteins to fold properly as functional mature proteins or lead the misfolded proteins to degradation mentioned above. In differentiating muscle cells, the single nascent myosin molecule must go through folding and assemble into motor thick filament with associated proteins. It has been reported that Hsp90 and Hsc70 form a complex with newly synthesized myosin and these chaperones promote myofibril assembly [27] . In this study, Hsp90, Hsc70 (heat shock cognate 71-kDa protein), Hsc70-interacting protein, have been up-regulated by 1.50-, 1.58-and 1.83-fold, respectively in L6 myotube cells. In addition, glucose-regulated protein precursor, hypoxia up-regulated 1 and heat shock 70-kDa protein 4, belonging to Hsp70 family chaperone, were also up-regulated in our study. It has been proved by Western blot that Hsp70 were increased during differentiation of myotubes [28] . T-complex protein 1 subunit alpha (TCP-1-alpha or CCT-alpha), a molecular chaperone of actin and tubulin, has also been found to be up-regulated by 1.7-fold. Its CCT activity is required for cell-cycle progression and cytoskeleton organization in mammalian cells [29] . In this study, we also identified some small heat shock proteins, such as HspB1 (Hsp27), HspB8 (Hsp22), and aB-crystallin. These proteins can confer resistance to apoptosis during myogenic differentiation [30] . In addition, Hsp27 controlled by P38/MAPK pathway can modify actin polymerization. These behaviors of such proteins are beneficial to myogenic differentiation. Hsp27 and Hsp22 were up-regulated 2.55-and 2.09-fold, respectively. Alpha B-crystallin also has important effect on myotubes development. This protein was identified in our experiment with no quantified SILAC ratio. However, the MS spectra intensities of some light/heavy peptide pairs of aB-crystallin checked manually has confirmed its up-regulation in myotubes (data not shown). In summary, the observed up-regulated molecular chaperones of cytoskeleton proteins play an important role in muscle differentiation.
Cell-adhesion proteins
Myoblasts-myotubes conversion requires cell-cell mutual interaction and fusion between myoblasts. No doubt, adhesion molecules must be involved in this process. Some cell-adhesion molecules have been reported to be involved in controlling the fusion of myoblasts during muscle development [31, 32] . Grossi and colleagues [33] have shown that mechanical stimulation can promote C2C12 cells differentiation through the laminin receptor. In this study, many extracellular matrix linker proteins were identified and showed increased expression in the L6 terminal differentiation stage, such as integrin beta-1 precursor (2.3-fold), isoform 1 of fibronectin precursor (2.3-fold), splice isoform 2 of fibronectin precursor (2.3-fold), procollagen C-proteinase enhancer protein (2.44-fold), protein-lysine 6-oxidase precursor (2.56-fold), splice isoform short of collagen alpha-1(XII) chain (1.73-fold) and vinculin (1.55-fold). These proteins are involved in cell adhesion, cell communication, cell motility, and maintenance of cell shape. Integrin beta-1 is a subunit of several integrin proteins. Integrin is a receptor for fibronectin, collagen, and laminins. Brzoska [34] has shown that integrin a3 subunit participates in myoblast adhesion and fusion in vitro. When a3b1 integrin binds to its ligands, intracellular signaling is triggered, and then elicits cytoskeleton reorganization to keep cell adhesion, cell motility and cell shape. Integrin also drives Raf/MEK/ERK pathway [35] ; from this point of view, myoblast cell-to-cell adhesion might act as a trigger to initiate the transcription of muscle-specific genes. It is reasonable that enhanced expression of these proteins in terminally differentiated myocytes strengthened cell-cell, cell-matrix adhesion and provided physical stabilization and tenacity against the tensile forces generated during muscle contraction.
Cell structure and motility-associated proteins
Skeletal myogenic differentiation involved in extensive changes in cell morphology and subcellular architectures. During the differentiation process, myoblasts fuse to form multinucleated myotubes. This morphological change reflects a massive structural reorganization of cytoplasmic components including subcellular organelles [36] . Two dynamic filament systems, microtubules and microfilaments, have been considered to participate actively in generating the spatial organization of the cell [37] . Realignment of nascent a-actin and myosin into sarcomeres of myofibrils depended on microtubules network reorganization [37] .
Responding to this cell-shape change, many cytoskeleton proteins are up-regulated in L6 myotubes, for instance, microtubule-associated proteins, actin-related protein 2/3 complex subunit 1A (Arpc1a), transgelin, dynamin-2 and kinesin-1 etc. Microtubule-associated protein 4 is found to be required for myogensis. Antisense inhibition of musclespecific microtubule-associated protein-4 during differentiation severely perturbed myotube formation, but had no effect on growth and cell fusion [38] . Actin-related protein 2/3 formed complex with WASP or WAVE protein to mediate the actin polymerization and the formation of branched actin networks. Transgelin, an actin cross-linking/gelling protein, is also up-regulated 4.90-fold. Dynamin-2, a microtubule-associated force-producing protein involved in producing microtubule bundles and vesicular trafficking processes [39] , may be also associated with myoblasts fusion. Kinesin-1, a microtubule-dependent motor required for normal distribution of cellular components, was up-regulated by 4.4-fold, which indicates that myotube is a critical dynamic cellular component in myoblast differentiation [40] . Besides microtubules, intermediate filament is another important family of cytoskeletal proteins associated with myotubes transformation. Muscle-specific intermediate filaments (IF) include desmin, nestin, vimentin and other [41, 42] . These proteins are synthesized by muscle cells depending on the type of muscle and its stage of development. Desmin is presented in all muscles at all stages of development and the others appear transiently or in only certain muscles [41, 42] . In our experiment, desmin was identified but its relative expression ratio in myotubes compared to myoblast was not showed by Census software.
However, Western blot result shows that the expression of desmin was up-regulated along with myogenic process. Our SILAC data show that nestin is highly up-regulated in day 4 L6 myotubes (7.23-fold). It is well known that nestin is a crucial component in neuron differentiation, but it is less clear how nestin functions during myogenic development. Once myocytes form, muscle-specific contractile proteins also highly express. Skeletal muscle actin a, a basic component of thin filament, was up-regulated 2-fold. Myosins are actin-based motor proteins and the main component of thick filament. Myosin heavy chain (MHC), a myotube-specific marker, was up-regulated 220-fold. Myosin heavy polypeptide 2 and myosin light polypeptide 4 also were found increased intensely in L6 myotubes comparing to myoblasts. Splice isoform 1 of tropomyosin 1 alpha and splice isoform 2 of tropomyosin beta increased by up to about 2-fold compared to myoblasts. Tropomyosins can bind to actin filaments and associate with the troponin complex to regulate muscle contraction in a calcium-dependent manner.
Taken together, all of these observations are consistent with the muscle contractility. The up-regulation of microtubule, intermediate filament and microfilament can facilitate reframed-shape of myotubes during myogensis and maintain the structural and functional integrity of skeletal muscle.
Metabolism-related proteins
Because skeletal muscle is force-producing contractile machinery, various metabolic events, such as ATP production, are very active during skeletal muscle contraction. In myotubes, there is an extreme demand for ATP for muscle contraction and ATP-dependent calcium signaling. To meet this demand, skeletal muscle metabolizes large amount of glucose, fatty acids and amino acids to produce energy [43] . Consistent with this, myotubes express a large number of proteins and enhance mitochondrial function to metabolize the energy-providing products. In this study, we identified 92 proteins whose expression increased at least 1.5-fold and have been annotated to be related to energy metabolism. Among this type of proteins, 24 proteins were mapped to glucose metabolism, 19 proteins to fatty acid metabolism, 21 proteins to oxidative phosphorylation/electron transport, 13 proteins to amino acid metabolism, and 24 proteins to other metabolic functions. For example, the expression level of glyceraldehyde-3-phosphate dehydrogenase increased 2.76-fold, long-chain fatty acid-CoA ligase 14.26-fold, fructosebisphosphate aldolase A 3.16-fold, pyruvate dehydrogenase beta 2.91-fold, mitochondrial malate dehydrogenase 2.04-fold, citrate synthase 2.1-fold, all of which being consistent with Ong's results [8] . ATP synthase B chain, ATP synthase D chain, ATP synthase beta chain and ATP synthase delta chain, the enzymes for oxidative phosphorylation, have increased significantly. GADPH, a housekeeping protein, is usually used as a control for relative protein quantification by Western blot. In this study, cells increase GADPH expression from the start of differentiation (Fig. 2B ), but GADPH expression was down-regulated after 4 days starvation (day 8) because of a decrease in glycolysis. In contrast to the Western blot results for other proteins, the decreasing expression of GADPH at day 8 suggests that GADPH may not be dominant factor in differentiation.
Transporters or channel proteins
Consistent with excitable and contractile characteristic of muscle, some transporters or channel proteins are highly expressed in myotubes. Skeletal muscle cells are stimulated by acetylcholine released at neuromuscular junctions by motor neurons. Ion Na 1 flow into cell by Na 21 could enhance myoblasts differentiation during the myogenic process [44] . These substrates need the help of ion transporters to pass through the cytoplasmic membranes. To meet these needs, ionic sodium, potassium, calcium, hydrogen transporter and cationic amino acid transporter were highly expressed in finally differentiated cell.
Among the proteins with the expression ratio of ,0.5 (Table 2) , some have been shown to be associated with myogenic process, such as prostaglandin F2 receptor negative regulator (PTGFRN) and prostaglandin-endoperoxide synthase 1 (COX-1). PTGFRN can inhibit the effect of PG F2 by binding to PG F2 receptor. COX-1 is a rate-control enzyme of PG synthesis. Many studies have shown that PG including PG F2 can promote the myogenesis by different ways [45] . If it is the case, down-regulation of PGF2 receptor negative regulator can facilitate the positive effect of PG F2 on myogenic process. However, down-regulation of COX-1 looks controversial to this case. Yet, Bondesen [46] showed recently that PG I2 could inhibit myogenesis in vitro by blocking myoblast migration and fusion. These data indicate that there are still some controversies in myogenesis and more detailed investigations are needed. esis process. Proteins whose expression remained unchanged during differentiation suggest that alternate mechanisms, such as modification or interactions, may be involved in muscle differentiation. For example, MAPK1 and b-catenin are the pivotal nodes of the signaling pathway that play an important role in the myogenic process. Further experiments are required to elucidate their roles in more details. Overall, SILAC was effective in elucidating the molecular mechanisms of skeletal-muscle differentiation in this study, and our data present more clues on myogenic development. As mentioned at the very beginning of this article, skeletal-muscle differentiation is a very complicated and dynamic process that is controlled spatio-temporally by multifarious types of factors at different transcriptional levels. The transcriptions of most proteins are dynamic, depending on the type of muscle, its stage of development and the species. In our opinion, it will be essential and challenging in the future to systematically grasp the dynamic changes of different types of proteins and their appropriate integrated functions during skeletal-muscle differentiation.
